In conventional research methods for cancer prevention, cell proliferation and apoptosis have been intensively targeted rather than the protection of normal or benign tumor cells from malignant transformation. In this study, we aimed to identify candidate colon cancer chemopreventive drugs based on the transcriptional activities of TCF/LEF, NF-κB and NRF2, that play important roles in the process of malignant transformation. We screened a "validated library" consisting of 1280 approved drugs to identify hit compounds that decreased TCF/LEF and NF-κB transcriptional activity and increased NRF2 transcriptional activity. Based on the evaluation of these 3 transcriptional activities, 8 compounds were identified as candidate chemopreventive drugs for colorectal cancer. One of those, itraconazole, is a clinically used anti-fungal drug and was examined in the Min mouse model of familial adenomatous polyposis. Treatment with itraconazole significantly suppressed intestinal polyp formation and the effects of itraconazole on transcriptional activities may be exerted partly through inhibition of intracellular cholesterol trafficking. This screen represents one of the first attempts to identify chemopreventive agents using integrated criteria consisting of the inhibition of TCF/LEF, NF-κB and induction of NRF2 transcriptional activity.
Most colon cancers are associated with mutations in APC or CTNNB1, and ~90% of colon cancers are associated with defects in the canonical Wnt signaling pathway 5 . APC or CTNNB1 mutations cause nuclear translocation, and the TCF/LEF-binding of β-catenin protein results in the up regulation of c-Myc and LGR5 expression 6, 7 . Clevers et al. reported that TCF/LEF activity is crucial for maintaining intestinal stem cells in crypt homeostasis under physiological conditions, and aberrant activation of Wnt signaling has a central function in the carcinogenic process via promotion of proliferating and maintaining the undifferentiated status of cells 8 . Because APC restoration showed rapid tumor regression by promoting cellular differentiation and reestablishing crypt homeostasis in established tumors in vivo 9 , suppression of TCF/LEF activity is presumed to be an appropriate target for cancer prevention.
The relative risk of CRC in patients with inflammatory bowel diseases, including Crohn's disease (CD) and ulcerative colitis (UC), has been estimated to be between 4-to 20-fold 10 . In this context, chronic inflammation has been considered to play a major role in CRC initiation, promotion and progression. Nuclear factor-κB (NF-κB) 11 is a common transcription factor that regulates several inflammation-related genes, such as cyclooxygenase-2 (COX-2) 12 , inducible nitric oxide synthase (iNOS) 13 , interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) 14 . These genes are overexpressed in inflamed mucosa and colonic neoplasms. The aberrant activation of NF-κB is reported in over 50% of CRCs 15 , and the genetic deletion of IKKβ, which activates NF-κB in epithelial cells, dramatically reduced tumor incidence in a mouse model of colitis-associated cancer 16 . This evidence suggests that there is a direct implication of NF-κB signaling in the early stages of colon carcinogenesis.
On the other hand, chronic activation of NF-κB induces the promotion of epithelial cell turnover and the generation of reactive oxygen species (ROS) 17 . Induction of DNA mutations by ROS attack appears to be principally involved in the early stage of colon carcinogenesis, which is linked to inflammatory processes 18 . ROS could thereby overwhelm the tissue's antioxidant defenses and induce DNA damage. One of the major players in the antioxidant defense system of various tissues is nuclear factor-erythroid 2-related factor 2 (NRF2) 19 . NRF2 is a basic leucine zipper redox-sensitive transcriptional factor that plays a central role in the regulation of antioxidant and/or detoxifying genes. Interestingly, NRF2-knockout mice showed increased susceptibility to dextran sulfate sodium (DSS)-induced inflammation in the colorectum (colitis) 20 and carcinogenesis 21 compared with wild-type mice.
Thus, inflammation and oxidative stress play important roles in the initiation and promotion stages of colon carcinogenesis. Therefore, drugs that inhibit the maintenance of the undifferentiated status and suppress inflammation as well as diminish oxidative stress could be good candidate chemopreventive agents for CRC.
In this study, we established a luciferase-based cell assay system driven by TCF/LEF, NF-κB and NRF2 transcriptional factors, which play major roles in the signaling that maintains the undifferentiated state, inflammation and anti-oxidative stress, respectively. Drugs in the validated library were screened and evaluated with integrated criteria for the 3 types of transcriptional activity. Of note, the combined evaluation of the activity of the 3 transcriptional factors is one of the novel points of our system.
Results

Establishment of cell-based TCF/LEF-, NF-κB-and NRF2-luciferase reporter screening system.
Since ~90% of colon cancers are associated with defects in the canonical Wnt signaling pathway, we selected colon cancer cell lines HCT116 and DLD-1 with mutations in APC and CTNNB1, respectively. As an initial step, HCT116 and DLD-1 cell lines were transfected with TCF/LEF-, NF-κB-and NRF2-reporter vectors to developed stable transfectants (Fig. 1A) . After transfection, hygromycin selection and cloning, each clone was evaluated for sensitivity to the activators of NF-κB (TNF-α) and NRF2 (tBHQ). Because the HCT116 and DLD-1 cell lines have mutated β-catenin and APC, a clone was selected for screening based on having high luciferase activity in the basal state. After evaluation with the above criterion, each reporter cell line used in screening was selected out of 27, 11, 9, 28, 32 and 9 clones, and named HCT116-TCF/LEF-Luc, HCT116-NFκB-Luc, HCT116-NRF2-Luc, DLD-1-TCF/LEF-Luc, DLD-1-NFκB-Luc and DLD-1-NRF2-Luc, respectively (data not shown). The selected clones were validated by their sensitivities to the NF-κB activator, NRF2 activator and TCF inhibitor (iCRT14), respectively. Each clone showed a clear, dose-dependent increase in luciferase activity by TNF-α or tBHQ stimulation and reduction of luciferase activity by iCRT14 (Fig. 1B,C) .
Screening of validated library based on three types of transcriptional activities. To explore drugs that decrease TCF/LEF-and NF-κB-dependent transcriptional activities and increase NRF2-dependent transcriptional activity, we screened the validated library (Open Innovation Center for Drug Discovery, The University of Tokyo). The validated library is composed of 1280 drugs approved by the FDA. The threshold for the selected compounds was set as less than 0.8 for TCF/LEF-and NF-κB-dependent transcriptional activities and more than 1.2 for NRF2-dependent transcriptional activity, which represents the relative ratio compared to the control value. With these thresholds, 490 and 61 drugs decreased the TCF/LEF-dependent transcriptional activity in HCT116 ( Fig. 2A) and DLD-1 (Fig. 2B ) cells, respectively. In terms of the NF-κB-dependent transcriptional activity, 95 and 273 drugs decreased it in HCT116 and DLD-1 cells, respectively. Meanwhile, NRF2-dependent transcriptional activity was induced by 59 and 24 drugs in HCT116 and DLD-1 cells, respectively. Although many drugs decreased or increased the individual transcriptional activities, only 8 drugs (alexidine dihydrochloride, benzethonium chloride, bortezomib, docetaxel, exemestane, fenbendazole, ITZ, pyrvinium pamoate) fulfilled the combined criterion of suppressing TCF/LEF-and NF-κB-and inducing NRF2-dependent transcriptional activity (Table 1) .
Dose-dependent effects of identified drugs on transcriptional activity. Primary hits from the first screening may contain false-positive results due to the toxic effects caused by the apparent suppression of luciferase activity. To eliminate false-positive hits and validate the first screening results, we further analyzed www.nature.com/scientificreports www.nature.com/scientificreports/ the dose-dependent effects of 8 identified drugs on the transcriptional activity followed by the protein assays in HCT116 and DLD-1 cell lines, respectively. Consistent with the first screening, benthethonium chloride, docetaxel, exemestane, ITZ and pyrvinium pamoate significantly suppressed the TCF/LEF-dependent transcriptional activity at 1 μM (Fig. 3A) . NF-κB-dependent transcriptional activity was decreased by docetaxel, ITZ and pyrvinium pamoate. Meanwhile, the NRF2-dependent transcriptional activity was induced by benthethonium chloride, bortezomib, exemestane, ITZ and pyrvinium pamoate. In the second screening, only two drugs, ITZ and pyrvinium pamoate, fulfilled our combined criteria. We further evaluated the effects of hit candidates on Wnt, NF-κB and NRF2 signaling pathways in another cell line, HT29, and the results are shown in Fig. S1 . In this experiment, we obtained similar results, especially with ITZ (10 µM) and pyrvinium pamoate (1 µM) treatment, to those we observed in the HCT116 cells. Consistent with our findings, Li et al. previously reported pyrvinium as www.nature.com/scientificreports www.nature.com/scientificreports/ a chemotherapeutic agent for intestinal polyposis 22 . Therefore, we focused on ITZ as a novel candidate for a colon cancer chemopreventive agent and applied it to the next experiments.
To validate the effects of ITZ on practical gene expression, LGR5, COX-2 and HO-1, which represent the target genes of TCF/LEF, NF-κB and NRF2, were evaluated in the HCT116 parental cell line. As shown in Fig. 3B , ITZ induced a reduction of LGR5 and COX-2 expression levels, which was in contrast to the induction of HO-1 expression. www.nature.com/scientificreports www.nature.com/scientificreports/ mice that are models of familial adenomatous polyposis (FAP). Min mice were administered 100 or 500 ppm ITZ for 8 weeks starting from 5-weeks of age. ITZ administration did not affect body weight, food intake or clinical symptoms, such as appearance of the hair coat and activity throughout the experimental period. In addition, no changes were observed in the weights and the macroscopic view of major organs, including the liver, spleen and The effects of a strong candidate, ITZ, on the expression levels of LGR5, COX-2 and HO-1 mRNA, which are target genes of TCF/LEF, NF-κB and NRF2, respectively, were evaluated by RT-qPCR in HCT116 parental cells. HCT116 parental cells were cultured in medium containing the indicated dose of ITZ for 6 hours. The data were normalized to GAPDH expression. Each expression level in the control (0 μM ITZ) was set as 1. The data are the mean ± SD, n = 3. *p < 0.05 vs. control (0 μM ITZ). (2019) 9:6192 | https://doi.org/10.1038/s41598-019-42363-y www.nature.com/scientificreports www.nature.com/scientificreports/ kidney that may have been attributable to toxicity (data not shown). As shown in Table 2 , the total number of intestinal polyps was significantly decreased to 71% and 60% in the 100 and 500 ppm-treated group compared with the untreated control value, respectively. Notably, 500 ppm of ITZ treatment significantly suppressed polyp formation in the entire small intestine. In terms of polyp diameter, ITZ especially suppressed polyp formation to a smaller size (Fig. 4A) .
Suppression of intestinal polyp formation in
To clarify the mechanisms that suppress intestinal polyp formation by ITZ and TCF/LEF-, NF-κB-and NRF2-target gene expression levels in the non-polyp and polyp segments of the intestine were investigated (Fig. 4B) . Real-time PCR revealed that treatment with 100 ppm ITZ for 8 weeks weakly, but significantly, suppressed LGR5 and COX-2 mRNA levels in the intestinal mucosa up to 70% (p < 0.01) and 62% (p < 0.005) of the untreated value, respectively. Interestingly, only LGR5, but not COX-2, mRNA expression levels were suppressed by ITZ treatment in the polyps. Although the difference was not significant, HO-1 expression tended to increase in the mucosa and decrease in polyps.
Abrogated cholesterol trafficking suppresses transcriptional activation of TCF/LEF and NF-κB.
Cholesterol has been shown to modulates cell signaling through direct interactions with scaffold proteins 23 . www.nature.com/scientificreports www.nature.com/scientificreports/ While, recent paper reported that triazoles, including ITZ, inhibit cholesterol export from lysosomes by binding to Niemann-Pick C1 (NPC1) 24 . We thus wondered whether the suppression of transcriptional activations of TCF/ LEF and NF-κB by ITZ was also caused by cholesterol deprivation. When FBS, as an exclusive source of cholesterol in the media, was withdrawn, transcriptional activities of TCF/LEF and NF-κB was decreased and NRF2 was increased in a dose dependent manner (Fig. 5A) . Interestingly, suppressing effects of ITZ on TCF/LEF-and NF-κB-dependent transcriptional activity were canceled by cholesterol supplementation (Fig. 5B) . Furthermore, ezetimibe, a cholesterol-absorption inhibitor, also suppressed TCF/LEF-and NF-κB-dependent transcriptional activities and increased NRF2-dependent transcriptional activity at 10 μM, same trend as ITZ (data not shown) suggesting that abrogation of intracellular trafficking of cholesterol affects transcriptional activities.
To assess the effect of ITZ on cholesterol intracellular trafficking, cells were stained by filipin which is cytochemical marker of cholesterol. In control cells, cholesterol was clearly distributed on the plasma membrane and perinuclear. Consistent with previous report in human umbilical vein endothelial cells, cholesterol was dramatically decrease on the plasma membrane and majority of cholesterol was within accumulated in an intracellular compartment in the cytosolic space by ITZ treatment (Fig. 5C ). Further analysis using transmission electron microscopy revealed that HCT116 cells with ITZ treatment contain bloated lysosomes in the cytosolic space (Fig. 5D) . These results are reminiscent of cholesterol accumulation in late endosome and lysosomes. This implication was confirmed by colocalization of cholesterol and LAMP-1, a marker of late endosome and lysosome, in ITZ treated cells (Fig. 5E ). These observations suggested that ITZ inhibited cholesterol trafficking out of the lysosomes and raised the possibility that inhibition of intracellular cholesterol trafficking can lead to affect the transcriptional activations.
Discussion
To explore novel CRC-preventive drug candidates, we established a high-throughput screening system based on luciferase activity and applied a comprehensive evaluation of TCF/LEF, NF-κB and NRF2-transcriptional activity. ITZ, one of the triazole antifungal agents, induced a decrease in the TCF/LEF and NF-κB transcriptional activity and an increase in the NRF2 transcriptional activity in this screening system. Furthermore, ITZ treatment suppressed intestinal polyp formation partly through the decreased expression of TCF/LEF and NF-κB target genes and increased expression of NRF2 target genes in Min mice. In summary, this study demonstrated the potential application of our comprehensive approach with 3 types of cell-based reporter assays in identifying novel cancer chemopreventive drugs, which may be effective in pre-clinical and clinical use.
In the first screening of the validated library (1,280 approved drugs) with our novel approach, 8 drugs (alexidine dihydrochloride, benzethonium chloride, bortezomib, docetaxel, exemestane, fenbendazole, ITZ, and pyrvinium pamoate) fulfilled the combined criteria, including decreased TCF/LEF-and NF-κB-and increased NRF2-dependent transcriptional activities. Notably, most of these 8 drugs attracted attention as novel anti-cancer agents in recent research. Although the details of the mechanism are still unclear, alexidine dihydrochloride 25 , benzethonium chloride 26 and fenbendazole 27 have been reported as having antitumor activities. From our results, their antitumor activities work partly through the suppressive effect on the TCF/LEF-and NF-κB-signaling pathways. Exemestane, one of the aromatase inhibitors that are well-established therapeutic drugs for breast cancer, demonstrated cancer preventive effects in the Mammary Prevention 3 (MAP.3) placebo-controlled randomized trial conducted by the National Cancer Institute of Canada 28 . In this clinical trial, exemestane significantly reduced the incidence of invasive breast cancers compared with the placebo group with no serious toxic effects. Pyrvinium pamoate, an FDA-approved major anthelmintic drug, has been reported to attenuate Wnt signaling through direct binding to and activation of CK1α 29 . Interestingly, pyrvinium pamoate was identified as a candidate to target dormant cancer cells by a glucose-deprived multicellular tumor spheroid (MCTS) screening system 30 . As MCTSs are known to closely simulate the tumor microenvironment with respect to glucose and oxygen, resulting in gene expression and phenotypic changes observed in vivo 31 , the candidates identified by our novel screening approach in two-dimensional culture may also be effective in a three-dimensional culture system and in vivo.
ITZ is a broad triazole antifungal drug developed in the 1980s 32 . ITZ is known to inhibit cytochrome p450-dependent lanosterol 14-α-demethylation in the ergosterol synthesis pathway in fungi 33 . In 2007, Chong et al. first reported the anti-cancer activity of ITZ through anti-angiogenic activity 34 . Treatment of ITZ alone or in combination with other anticancer drugs showed strong anticancer activities in preclinical models, including non-small cell lung cancer (NCLC), medulloblastoma and basal cell carcinoma 29, 35 . Recently, positive clinical results have been reported from advanced NCLC, prostate cancer and basal cell carcinoma trials 36 . However, the effect of ITZ on intestinal carcinogenesis has not yet been elucidated even in the preclinical model. In this study, we demonstrated that ITZ administration significantly suppressed intestinal polyp formation in Min mice. All of the polyps that developed in Min mice younger than 20 weeks old were adenomas. Adenoma is premalignant lesion that can be targeted by cancer chemoprevention. Furthermore, consistent with results from in vitro screening, expression levels of LGR5, COX-2 were significantly suppressed, and HO-1 expression tended to be induced, in the non-polyp segments of ITZ-treated mice.
Although the precise anticancer mechanism of ITZ has remained elusive, recent studies have demonstrated that inhibition of intracellular cholesterol trafficking is one of the novel biological effects of ITZ in human endothelial cells 37, 38 . In addition, recent studies suggest that intracellular cholesterol levels in evolving cancer cells might be more important than serum cholesterol 39 . Low-density lipoprotein receptor (LDLR) has been reported to regulate cholesterol uptake in cells 40 and LDL plays an important role in growth of human colon cancer cells 41 . Interestingly, LDLR was overexpressed in polyps that highly expressed the target genes of TCF/LEF and NF-κB 42 .
In addition, treatment of smooth muscle cells with LDL results in the activation of MAP kinase as well as the induction of the cell-cycle-related genes c-fos, c-myc and early growth response gene 43 . Ldlr-deficient mice showed a lower incidence and multiplicity of colorectal cancers compared to wild type mice in an azoxymethane www.nature.com/scientificreports www.nature.com/scientificreports/ (AOM) and dextran sulfate sodium (DSS)-induced carcinogenesis model, even though serum cholesterol levels were much higher in Ldlr-deficient mice 44 . Meanwhile, Kamisako et al. reported that NRF2 was involved in the induction of SREBP-1c, which is a key transcriptional regulator of genes involved in cholesterol biosynthesis and uptake 45 .
In this manuscript, we showed that itraconazole treatment induces cholesterol accumulation in the cytosolic space. As described in the Result section, it is reported that ITZ inhibits cholesterol export from lysosomes by binding to NPC1 23 . NPC1 has been identified as a gene responsible for Niemann-Pick type C (NP-C) disease. NP-C disease is characterized by lysosomal accumulation of LDL-derived cholesterol, resembling that of itraconazole treated cells. Interestingly, a reduction in Wnt signaling activity is observed in Niemann-Pick Type C disease cells 46 . Furthermore, Kuzu et al. reported that leelamine, an inhibitor of cholesterol egress from lysosomes, reduced cholesterol levels in all membrane-bound organelles in cancer cells and suppressed NF-κB activation via the Akt signaling pathway 47 . Furthermore, we have shown the effects of ezetimibe on transcriptional activities of TCF/LEF, NF-κB and NRF2, as appears in Fig. S2 . Ezetimibe is a selective cholesterol absorption inhibitor, which potently inhibits Niemann-Pick C1 Like 1 (NPC1L1). NPC1L1 is a multi-transmembrane protein playing a crucial role in formation and endocytosis of NPC1L1-flotillin-cholesterol membrane microdomains, which is an early step in cholesterol uptake into intestinal epithelial cells. As shown in Fig. S2 , ezetimibe treatment suppressed TCF/LEF and NF-κB transcriptional activities, and induced NRF2 transcriptional activity as well as itraconazole did. Although additional studies are needed to elucidate the mechanisms in detail, these results suggest that abrogation of cholesterol trafficking may affect signaling pathways that may be involved in the early stage of colon carcinogenesis (Wnt, NF-κB, NRF2).
In the recent study, we have revealed that ITZ and ezetimibe, inhibitors of cholesterol intake, can suppress TCF/LEF-and NF-κB-dependent transcriptional activities and induce NRF2-dependent transcriptional activities partly through the inhibition of intracellular cholesterol trafficking, resulting in cholesterol depletion. Taken together, cholesterol depletion within the cells by inhibition of intake and intracellular trafficking may be a novel target for colon cancer prevention.
In this study, we have established a novel screening approach and identified 2 candidates with high potential as CRC-preventive drugs. Although further studies should be performed to elucidate the molecular mechanism in detail, compounds that are hits from our screening system could be good candidates for colon cancer-preventive drugs in clinical use.
Materials and Methods
Cell cultures and chemicals. The human colon cancer cell lines HCT116 and DLD-1 were purchased from American Type Culture Collection (Manassas, VA, USA). The cells were maintained in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS; HyClone Laboratories Inc., Logan, UT, USA) and antibiotics (100 μg/mL streptomycin and 100 U/mL penicillin) at 37 °C in 5% CO 2 . The "validated library", consisting of 1280 approved drugs, was obtained from the Open Innovation Center for Drug Discovery (The University of Tokyo, Japan). TNF-α, tBHQ and iCRT14 were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany), TCI (Tokyo, Japan) and Sigma-Aldrich (St. Louis, MO, USA), respectively. 250X Cholesterol Lipid Concentrate were purchased from Gibco Japan Ltd. (Tokyo, Japan). Screening of validated library. For the first screening, HCT116 and DLD-1 cell lines that were stably transfected with the TCF/LEF-reporter vector were seeded into black 96-well half-area microplates (Corning) and cell lines stably transfected with the NF-κB-and NRF2-reporter vectors were seeded into white 96-well half-area microplates (Corning) at a density of 1 × 10 4 cells per well in 50 μl of media. After 24 hours pre-incubation, each test compound was diluted in DMSO or DMSO alone and added into the culture plate at 1 μM as a 1% final concentration for another 24 hours. Then, Glo Lysis Buffer (Promega, Madison, WI, USA) followed by Bright-Glo reagent was dispensed into each well, and the luminescence signals for the individual wells were measured using a TECAN plate reader. The relative luciferase activity was normalized to the DMSO control as 1.0. For the second screening, the effects of the primary hits on the luciferase activities of each were re-evaluated at 0.01, 0.1 and 1 μM. The luciferase activity was normalized to protein concentration, which was determined using a Pierce 660-nm protein assay (Thermo Scientific, Rockford, IL, USA) according to the manufacturer's instructions with BSA as a standard. Each sample was measured in triplicate.
Establishment of stable transfectants
